Limonoids are modified tetranortriterpenoids, classified on the basis of which of the four rings (A, B, C and D) in the intact triterpene nucleus have been oxidized. The order Rutales produces a variety of seco-limonoids, such as A, B, C, D, AB, AD, and BD-ring seco-limonoids. The Meliaceae family, belonging to the order Rutales, has yielded several D-ring and B, D-ring seco-limonoids This review describes the occurrence, biosynthesis, biological activity and NMR spectroscopy of D ring secolimonoids, such as gedunin derivatives and B, D-ring seco-limonoids, such as methyl angolensates, xyloccensins, methyl meliacates, phragmalins and modified phragmalins. The literature from 1990 to 2005 is reviewed.
The Meliaceae family includes some of the most economically important tropical trees, notably the Mahoganies (Swietenia spp., Khaya spp), Spanish Cedar (Cedrela odorata), and Indian mangroves (Xylocarpus granatum, X. molluccensis) [1] . The family is characterized by the presence of limonoids, many of which show a broad range of biological activities [2] . These include insect antifeedant activity [3] [4] [5] [6] , antifungal, cytotoxic [7] [8] [9] [10] , antimalarial [11] [12] , and antibacterial activity [13] The limonoids, which have been found to date only in plants of the order Rutales, are triterpenes derived from a precursor with a 4, 4, 8-trimethyl-17-furanyl steroid skeleton. Further oxidation reactions, such as the Baeyer-Villiger type, and skeletal rearrangements, like pinacol-pinacoline, take place in the 4, 4, 8-trimethyl-17-furanyl steroid skeleton to form gedunins, methyl angolensates, swietenolides, phragmalins and rearranged phragmalins. The latest review by Champagne and co-workers [2] covers the literature on the subject up to 1992. The present review covers the literature on D and B, D-ring secolimonoids from 1990 to 2005.
Biosynthesis
Limonoids are derived biogenetically from an apoeuphol type triterpenoid.
The basic limonoid skeleton may be generated by the formation of a furan ring by oxidation of the triterpene side chain [14] [15] . Limonoids have been classified on the basis of which of the four rings, designated as A, B, C and D in the intact triterpene nucleus, have been oxidized. 8,9,30- The order Rutales produces a variety of secolimonoids [16] [17] , such as A-ring seco-limonoids, (evodulone), B-ring seco-limonoids (toonacilin), Cring seco-limonoids (azadirachtin), A, B-ring secolimonoids (prieurianin), and A, D-ring secolimonoids (limonin). The family Meliaceae has produced several D-ring seco-limonoids (gedunins and khivorins) and B, D-ring seco-limonoids (for example, angolensates, mexicanolides, phragmalins). Oxidation of the D-ring of apo-euphol triterpene leads to the formation of gedunins [15] ( Figure 1 ). The opening of gedunin's B-ring leads to the formation of andirobin and subsequently of angolensates [15] . In angolensates, the B and D rings are further oxidized to form either lactones or esters, and they are categorized into subgroups depending on whether further transformations have occurred. Formation of a new ring between C-2 and C-30 of angolensates lead to biosynthesis of mexicanolides, which may be further modified by the formation of a methylene bridge in ring A and a 1, 8, 9 or 1, 8, 14 or1, 8, 30 orthoacetate system, as in phragmalins (Figure 2 ).
Occurrence and Biological activity
Gedunins: D-ring seco-limonoids are biogenetically derived from apo-euphol type triterpenoids by epoxidation at the C-14 and C-15 double bond of meliacans and further oxidation (possibly Bayer Villiger type), leading to D ring expansion to form a δ-lactone ( Figure 1 ). Several derivatives of gedunin and khivorin have been reported in the literature [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . Khivorin [22] may be considered as a precursor in the formation of gedunin (1) by oxidation at C-3 to a ketone and elimination of the 1-acetoxy group to leave a C-1, C-2 double bond [15] . Paula and co-workers from Brazil isolated a novel gedunin derivative, 1α-methoxydihydrogedunin (2), from Cedrela odorata [33] grafted on Toona ciliata. The Indian Meliaceae species Azadirachta indica has yielded two limonoids, mahmoodin (3) [13] and nimolicinol (4) [34] , which have an unusual hydroxyl on C-17. Hallur and co-workers reported two more similar compounds, 5, 6, from A. indica [35] . Angolensates: B, D-ring seco-limonoids are formed from gedunin derivatives by opening of the B-ring at C-6 and C-7, which leads to the formation of a double bond at C-8 and C-30 and an ester group at C-7 ( Figure 2 ). The simplest compound is andirobin (7) [36, 37] . Kadota and his group isolated a similar class of compound from the seed oil of Swietenia mahogani [38] and named it secomahoganin (8) . The first B, D-ring secolimonoid-β-D-glycoside, khayanoside (9) was isolated from the stem bark of Khaya senegalensis [39] . Khayanoside (9) was tested for its antifeedant activity and anti-HIV activities. It exhibited moderate antifeedant activity against third instar larvae of Spodoptera littoralis and no activity was found in the antiviral studies. 
The opening of the 14-15 epoxide ring of andirobin (7) and its subsequent attachment to C-1 will lead to the formation of methyl angolensate (10) . This is one of the compounds frequently found in most Meliaceous plants [40] [41] [42] [43] . Gedunin (1), the intermediate in the formation of angolensates, is also found in most of the Meliaceous plants, which supports Taylor's biosynthetic pathway ( Figure 2 ).
Taylor has isolated a related methyl angolensate derivative, EP6 (11) [44] , from Ekebergia petrophylla. Earlier Taylor also reported similar compounds ekebergin [45] from E. capensis, and EP1, EP2, and EP3 [46] from E. petrophylla.
Xyloccensins: Xyloccensins are formed from methyl angolensates by cyclization between C-2 and C-30 ( Figure 2 ) and are characterized by the hemiketal carbon, which resonances in the range of 108-109 ppm in 13 C NMR spectra ( Figure 6 ). So far these kinds of compounds have only been reported for Xylocarpus molluccensis, X. granatum, Khaya senegalensis and K. anthotheca. Connolly and MacLellan [47] reported five xyloccensins named as A-D and F for the first time from the seeds and timber of X. molluccensis collected on the Tanzanian coast near Tanga. After 1991, work on fruits of the Fijian medicinal plant X. granatum and X. molluccensis [48] , locally known as 'dabi' or 'legilegi', added two B, D-ring seco limonoids, xyloccensins I (12) and J (13) . These compounds were subjected to different primary screenings, but no activity was found in their studies. 
Recent work on the stem bark of Chinese X. granatum [49] led to the isolation of two more xyloccensins, L (14) and M (15) . Xyloccensin L (14) has a unique limonoid structure, hitherto not reported. It has an 8α, 30α-epoxy ring and an oxygen bridge between C-1 and C-29, and is the only representative of a B, D-ring seco-limonoid. Xyloccensin M (15) [50] has a normal xyloccensin structure with no acylation at C-30 and can be named as a deacyloxy derivative of 12 or 13.
Khaya senegalensis is one of the most popular medicinal plants in African traditional remedies. The decoctions of the bark are extensively used as a febrifuge, which could be associated with its use as an antimalarial drug [51] . From bark of this species [52] three modified xyloccensins, seneganolide (16), 2-hydroxyseneganolide (17) [52] and khayalactol (18) [53] , were isolated, which have a hemiketal structure similar to xyloccensin I (12) . All these compounds were tested for their antifeedant activity against third instar larvae of Spodoptera. littoralis. Seneganolide (16) Methyl meliacates: Methyl meliacates are formed by the opening of the hemiketal ring of xyloccensins to give ketone functionality at C-1 and elimination of the C-8 hydroxyl group along with the proton of the adjacent carbon, which leads to generation of the double bond between either C-8 and C-14 or C-8 and C-30, and rearranged products such as those with a double bond between C-14 and C-15, as well as epoxides such as C-8 and C-30, C-8 and C-14 and C-14 and C-15 (Figures 2 and 3 ). Taylor and his group have reported several methyl meliacates from different Meliaceae plants. In view of the occurrence of a large number of limonoid derivatives, such as swietenine [56] and swietenolides [57] , he has proposed a systematic nomenclature to avoid the difficulties that arise otherwise. He proposed that the nucleus should be recognized for the nomenclature proposed and known as methyl meliacates. The names of all derivatives known at present follow logically from this nomenclature.
Swietenia macrophylla [58, 59] is a valuable timber tree in Mexico, India and Malaysia. In Mexico the mahogany tree is called 'caoba', which is closely related to S. mahogani. The seeds of the plant are used as folk medicine for the treatment of hypertension [60] . From the seeds of S. macrophylla [61] swietenine [56] and swietenolide [57] , which were the first of the bicylononanolide group of limonoids to be discovered, were isolated. Quivisia papanae, an endemic Madagascan species [62] , which is locally known as 'hompy', has yielded from its seeds a novel swietenolide derivative, 2α-hydroxyswietenolide (23) . The bark of Khaya senegalensis [63] has yielded the 2, 6-dihydroxy-3acetyl derivative of swietenolide, named 2, 6dihydroxyfissinolide (24) .
Kajima and co-workers [64] isolated five more novel meliacates from S. macrophylla, namely methyl-3βtigloyloxy-2-hydroxy-1-oxo-meliac-8, 30-enate (25), methyl-3β-tigloyloxy-2, 6-dihydroxy-1-oxo-meliac-8, 30-enate (26), methyl-3β-tigloyloxy-2-hydroxy-8α, 30α-epoxy-meliacate (27), methyl-3β-acetoxy-2, 6dihydroxy-8α, 30α-epoxy-meliacate (28) , and methyl-3β-isobutyryloxy-2, 6-dihydroxy-8α, 30αepoxy-1-oxo-meliacate (29) . [76] [77] [78] . Decoctions or infusions of the ground seeds are used as anthelmintic agents [79] and for the cure of ameobioasis [79] . They also consider the decoction effective for treatment of chest pain, cough and cancer [80] . Isolation work on the seeds of S. humilis led to the separation and characterization of nine limonoids [81] [82] , namely humilin B, methyl 2hydroxy-3-isobutyryloxy meliac-8, 30-enate, methyl 2-hydroxy-3-tigloyloxy meliac-8, 30-enate and six novel humilinolides, named A-F (58-63). Humilinolide A (58) is 8,30-epoxy 2, 6-dihydroxy-3isobutyryloxy and B (59) is a 8, 30-epoxy 2, 6dihydroxy-3-isobutyryloxy-6-acetoxy derivative. Humilinolides C (60) and D (61) have a double bond between C-8 and C-30. The methanolic extract produced significant inhibition of radicle growth of E. crus galli and A. hypochandriacus [81] . The 50% plant growth inhibitory concentration (IC 50 ) of the extract was 171.5 µg/mL and 275 µg/mL, respectively. Humilinolides A (58) and C (60) inhibited the radicle growth of E. crus galli with values of 99.0 and 163.0 µg/mL (IC 50 ) respectively. Humilinolides B (59) and D (61) were not inhibitory in the tested concentrations. In the artificial diet feeding assay, the methanol extract showed moderate inhibition to the growth and feeding of third instar larvae of T. molitor. It has also been observed that these compounds are inhibitors of plant growth and are antifeedant active [82] [83] . Humilinolide E (62) has shown moderate antifeedant activity. Humilinolide A (58) [83] was also studied for in-vitro effect on spontaneous contraction of guinea pig ileum, and uterus from oestrus, diostrus, overictemized estrogen primed rats. The compound caused concentration dependent and non-reversible excitatory effects on intestinal and uterine smooth
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O O muscles, distinguished as spasmagenic and uterotonic action. S. aubrevilleana [75] seeds yielded the 6acetoxy derivative of humilinolide C (64).
Three novel antifungal limonoids, seneganolide A (65), 2-hydroxyseneganolide A (66), and 2-acetoxy seneganolide A (67) were isolated from the seeds of Khaya senegalensis [84] , along with small quantities of methyl angolensate (10) (Figures 2 and 3 ). Nakatani and co-workers isolated three lactone ring (ring-D) opened phragmalins from the stem bark of S. mahogani [88] and named them swietenialides A-C (75) (76) (77) . These compounds contain an 8, 9, 14orthoacetate system with an additional methyl 2, 30orthoacetate or propionate group.
The Madagascan Meliaceae plant, Neobeguea leandreana [89] , yielded three phragmalins designated as leandreanins A-C (78) (79) (80) . The leandreanins A (78) and B (79) possess a normal methylene bridge (C-29) between C-1 and C-4, an orthoacetate (1, 8, 9) linkage, and a modification in the D ring, similar to febrinolide [90] . Leandreanin C (80) has a structure similar to that of phragmalin, with an unprecedented acetoxy functionality at C-19. C. tabularis is an Indian Meliaceae timber tree, the bark of which has been used in the Indian traditional system of medicine as an astringent and antidiarrheal drug. An extract of leaves has been reported to exhibit strong antimalarial activity [92] . Earlier, five phragmalin derivatives, chukrasins A-E [93] , were reported from this plant. Recently, further work on the root bark of Chinese C. tabularis [92] yielded six novel phragmalin and rearranged phragmalin limonoids. Out of the six compounds, tabulalides C (84) and D (85) are phragmalin derivatives with a 1, 8, 9 orthoacetate system and in the remaining compounds, the orthoacetate system has been modified (opened) to give their respective hydroxyl groups. Tabulalides C-D (84,85) have a novel 19 oxygenation substitution similar to leandreanin C (80), hitherto not reported in phragmalins. 
The extract, as well as the isolated compounds, were tested for their antifeedant activity by a conventional leaf disk method against the third instar larvae of Spodoptera littoralis. Tabulalide D (85) was strongly active at 500 ppm with 50 ppm corresponding to a concentration of ca 1µg/leaf cm 2 , while tabulalide C (84) was inactive. Recently, Jun Wu and co-workers [94] have reported two unique 8, 9, 30 phragmalin orthoesters, xyloccensin O (86) and P (87), from the Chinese mangrove plant X. granatum. They proposed the biosynthetic route shown in Figure 3 for these compounds, similar to Taylor's proposal for the biosynthesis of 1, 8, 9 phragmalin, with minor changes. In their preliminary studies, the compounds have shown antifeedant activity. Further work on the same plant by the same group [95] Rearranged phragmalins: Nakatani and co-workers [96] have proposed a possible biosynthetic route for the rearranged phragmalins by modifying that proposed by Taylor. The C-29 methyl group of mexicanolide is oxidized to give a radical like species (Figure 4) , which may attack the C-1 ketone to give the second oxygen radical. This radical can oxidize methine (C-9 or C-30) to its carbon radical, one of which produces the 9-OH compound, giving a 1, 8, 9 -orthoacetate. A radical from route B produces the 30-OH compound, giving a tricyclic [4.2.1.1] decane ring system by either pinacol-type rearrangement or the C-30 radical attacks the 1, 2 bond giving the same compound as shown in the scheme. In any event, a driving force to produce the rearranged tricyclic decane ring system should be the large ring strain in the tricyclo [3.3.1.1] decane system. This strain is taken away by shifting the C-1/C-2 bond to C-30. Subsequent trans attachment of the resulting carbonyl oxygen to the C-14 carbon will give the 2β, 14β-epoxide bridge. Four such compounds were isolated from the ether extract of the stem bark of Khaya senegalensis [51, 53, 96] , and named khayanolides A-C (92) (93) (94) . The antifeedant activity of the isolated compounds was tested by a conventional leaf disk method against the third instar larvae of S. littoralis. The most potent compounds were seneganolide (16) The bridged A-ring without hydroxyl substitutions at C-8 and C-9 in compound B3 (107) has been reported from X. molluccensis [99] . For the biosynthesis of this compound, the D-ring of the precursor must have been opened and subsequently cyclized with C-30 hydroxyl.
The leaves of K. senegalensis [97] yielded three compounds 108-110, which have a 1, 29cyclomeliacate skeleton. Compound 108 has three hydroxyl groups on C-8, C-14 and C-30, two acetoxy groups on C-1 and C-6, and a keto group on C-3.
Compound 109 is the C-1 and C-6 deacylated product of 108, whereas 110 is the C- [100] , commonly known as 'utile' in the U.K and 'acajou assie' in Cameroon. Superficially, these compounds appear to be hexanortriterpenoids with an isopropyl substituent at C-16 in ring-D. However, a plausible biogenetic precursor is bussein. This has most of the oxygenation of the busseins, which also have the carbon enolized acyl substituent C-15. Loss of C-16 by decarboxylation of the incipient β-keto acid in ring-D, followed by ketalization and a retro-aldol reaction to cleave the C-9 and C-10 bond account for most of the transformations necessary to obtain these compounds which are, therefore, heptanortriterpenoid derivatives. Two unusual limonoids, hortiolide A (114) and B (115) have been isolated from Hortia columbiana [101] , in which the B-ring was modified into a five membered ring. 
NMR spectroscopy
Limonoids are generally available in small quantities and it has been difficult to elucidate their structures. However, modern one dimensional NMR techniques, such as DEPT ( Figures 6 and 8 ), INEPT and two dimensional techniques, such as COSY (Figure 9 ), HSQC ( Figure 10 ), HMBC (Figure 11 ), NOESY, INADEQUATE, and ROESY [102] [103] [104] [105] [106] [107] [108] are being used in structural elucidation, along with X-ray crystallographic techniques. Proton NMR spectroscopy gives significant information in the structure elucidation of limonoids. There are few characteristic signals in the aromatic region that belong to the furan ring. For example, in xyloccensin I (12) (Figure 5 ), the proton signals of the furan ring relating to H-21, H-22 and H-23 appear at δ 7.55, 6.40 and 7.40, respectively. The methoxy group of the ester appears at δ 3.70. The protons where the ester groups are connected to the basic limonoid skeleton, such as H-3 and H-30, can be seen in between, at δ 4.90 and 6.23. H-17 appears at δ 5.19 ( Figure 5 ). In 13 C-NMR spectra (Figure 6 ), the hemiketal group will give a characteristic signal at δ 107. The furan carbons (C-20-23) appear at δ 121.1, 143.4, 110.0, and 42.0, respectively. The carbonyl groups of esters and lactones give rise to signals at δ 169.9 (C-16), 171.6 (acetyl carbonyl), 174.3 (C-7), and 174.7 (isobutyroyl carbonyl). In phragmalins, the proton NMR spectral pattern (Figure 7) is similar that of xyloccensins. In the carbon NMR spectrum, there is an additional characteristic peak at δ 118.9 ( Figure  8) , which belongs to the orthoacetate system and a methyl group attached to the orthoacetate system gives a signal at δ 21.6 ( Figure 8 ). These two signals are common in all the phragmalins that have an orthoacetate system, that is 1, 8, 9 or 1, 8, 30. 
